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In this paper, a designed circuit used for low-frequency filters is 
implemented and realized the filter is based on frequency-dependent 
negative resistance (FDNR) as an inductor simulator to substitute the 
traditional inductance, which is heavy and high cost due to the coil material 
manufacturing and size area. The simulator is based on an active operation 
amplifier or operation transconductance amplifier (OTA) that is easy to build 
in an integrated circuit with a minimum number of components. The third 
and higher-order Butterworth filter is simulated at low frequency for low 
pass filter to use in medical instruments and low-frequency applications. The 
designed circuit is compared with the traditional proportional integral 
controller enhanced (PIE) and T section ordinary filter. The results with 
magnitude and phase response were compared and an acceptable result is 
obtained. The filter can be used for general applications such as medical and 
other low-frequency filters needed. 
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1. INTRODUCTION 

The filter analysis is very important in systems for signal processing [1]. Filters are used to accept, 
adjust and reject all desirable, undesirable frequencies of the signal respectively, generally filters 
classification into active or passive with four bands of frequencies high-pass, band-pass, band-stop, and 
low-pass. Though the most informational filter in the literature review are Butterworth, Chebyshev and 
Bessel filters [2]. A low-power medical amplifiers which can be integrated into a single chip, capable of 
processing signals in very low frequencies [3]—[8]. The main problem of the low pass passive filter, usually, 
is the size and cost of the inductors, where the passive components (inductance, capacitive) is not suitable to 
design in a low pass filter for medical applications, additionally, the drawback of the passive inductor is a 
requirement of excessive chip area. In addition, passive inductors are vulnerable to process fluctuations and 
suffer from resistive losses [9]—[12]. 

This paper illustrates some of the ways to build filters without inductors. The proposed technique 
exploits the generalized inductance converter (GIC). There is a need to develop low-power biological 
amplifiers, which can be integrated into a single chip, capable of processing signals in very low frequencies 
[13]-[15]. The present work of paper aims to build a low-pass filter, of order N, operate in very low 
frequency. This filter has a wide range of applications in biological signals with very low-frequency 
characteristics, for example, the electrocardiogram (ECG) and other medicals signals. 

A few years ago, analog filters have been attracted large attention. Current conveyors have become 
very popular as these devices provide high performance and greater functional versatility in realizations 
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[16], [17]. In [9] proposes a new grounded/floating frequency-dependent negative conductance (FDNC) 
simulator, and a non-ideal frequency-dependent negative resistance (FDNR) simulator, based on deployment 
of voltage differencing transconductance amplifiers (VDTA), along with two grounded capacitances. In [10] 
three new circuit configurations for realizing lossless and lossy grounded inductance simulators are proposed. 
Also, two topologies for realizing grounded FDNR and grounded capacitance simulators are developed. 

The researcher in [11] presented a circuit configuration that can act like a grounded impedance 
simulator/grounded impedance scaling circuit it can simulate electronically tunable grounded 
resistance/capacitance/inductance/FDNR and also work as a grounded impedance multiplier circuit, which 
can scale up/scale-down the value of arbitrary grounded impedance with an electronically controllable 
multiplication factor. In [12] described a grounded lossy inductance (grounded parallel RL network) 
simulator configuration employing two Current differencing differential input transconductance amplifiers 
(CDDITAs), one resistance (grounded), and one capacitance (grounded) is completely free from 
active/passive component matching conditions and its behavior is studied considering non-ideal 
current-voltage transfer ratios. To validate the usefulness of the presented parallel resistor inductance (RL) 
simulator some filter designs are developed. In this work, low frequency, low pass N order filters were 
realized using the frequency-dependent negative resistance FDNR technique to substitute the traditional 
inductance. The filter magnitude and phase against frequency responses are introduced. 


2. RESEARCH METHOD 
2.1. Proposed filter design circuit 

The filter sample proposed filter configuration of the implemented low-pass filter (LPF) is 
illustrated and shown in Figure 1. As it can be seen, the analog filter for low frequency using an inductor to 
reject the undesired frequency and noise in the useful signal. These inductors it’s difficult to build and 
fabricate in the integrated circuit. The recent idea is to replace the inductors with a new simulated circuit by 
using an active operation amplifier as a transconductance convertor GIC. One of these implementations is 
called a frequency-dependent negative resistor FDNR. 


Figure 1. T section Butterworth low pass N" filter 


This work offered a third and fifth-order LPF Butterworth filter type that the response of a filter is 
maximally flat, the approximation is defined by: 


flw) = o” (1) 


where N is the degree of the filter prototype network and to determine the element value of the N the order 
[18]. 


(2n — ye 


Gn = 2sinl zy (2) 


Gn = Ly or Cn (n = 1,2,3 0... N-1) (3) 
This approximation for wc = 1 rad\sec. The FDNR elements are equivalent to inductors in behavior and 
impedances which can be used to substitute the inductor element and eliminate the large size, heavy, and cost 
of traditional filter in middle and low frequency. 
2.2. Design procedure 


The passive filter in Figure | is to be replaced by an active low pass filter using the FDNR technique 
for general applications such as medical and others. For the 3rd order as a design circuit, the inductors are 
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eliminated and the circuit converted to an inductor simulated noted as D element the equivalent circuit is 
shown in Figure 2. The resistance and inductance were transferred to capacitance and resistance respectively 
and the capacitance was transferred to the D element, the last can be implemented as an operational amplifier 
configuration Figure 3. 


1.000 1.000 


1.000 


Figure 3. The op amp operation FDNR element 


The total D FDNR element impedance according to [19]-[23] is equal to, 


Z= 4 = Y 12Y 14 = 241213245 
l Y uY 13Y 15 Zi2Z14 (4) 


To calculate the D FDNR elements impedances they use the following equations, 


Ry2Ry4 (5) 


In the S domain, the impedance became 


Ja Ri3 . 1 
~ S?RygRiaCiiCis wD (6) 
where S = jw 
D= Ry3RyaCui Cis 
Ris (7) 


Assuming Z12, Z13, and Z14 are resistances where Z11, Z15 are capacitances and substitute in (4). 
Replacing the impedances of the FDNR of D element as in circuit Figure 4, which is easy to implement using 
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traditional operation amplifier and simple components which can be built easily in integrated circuits. In the 
second filter realization as shown in Figure 5, the 1 rad/sec cut-off frequency five order Butterworth low pass 
filter with origin inductors. And modified to D element simulated FDNR and the circuit become as shown in, 
Figure 6 with the same characteristics of the original and designed filter. Figure 6 shows the fifth-order 
converted filter, with a cutoff frequency: i) Cnew=0.1 uf, ii) Impedance scaling factor (ISF)=Cnor/cnew 
=159.15 KQ, iii) Frequency scaling factor (FSF)=wnew/wnor=200r, iv) Rnew=Rnor*ISF, and v) D is equal 
to D=Cnor/ISF*FSF. 


— RiR uCnCis 
Ris 


Figure 4. The D element reconstructed circuit of D FDNR 
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Figure 5. The origin low pass filter 


Vil 


Figure 6. The converted filter 


3. RESULTS AND DISCUSSION 
3.1. 3° order LPF with FDNR 

3rd order LPF with FDNR inductance replaced circuit under tests, results of magnitude and phase 
frequency response shown in Figure 7(a) and (b) respectively, using PSPICE software light free package. The 
results show, the -3 dB cutoff frequency of the magnitude and phase is about 100 Hz as theoretically 
designed, which is frequency difficult to realized using traditional real coil inductance. 
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Figure 7. Third order frequency response of the filter versus (a) magnitude output gain in dB and (b) phase in 
degree 


3.2. 5™ order LPF with FDNR inductance 

5" order LPF with FDNR inductance replaced circuit under tests, results of magnitude and phase 
frequency response shown in Figures 8(a) and (b) respectively. The fifth-order low pass filter circuit diagram 
PSPICE drawing is shown in Figure 9, the filter responses tests from the three stages, the first, second, and 
third FDNR outputs of the circuit. The filter frequency response of the designed filter can be improved 
change the output resistance value of the circuit as shown in Figure 10, which means the filter can be realized 
as close to ideal without loading effect as possible. 


3.3. Total harmonic distortion (THD) 

The important figure of Merit used to test the quality of the output signals is the level of harmonics 
in voltage or current waveform [24]. Total harmonic distortion (THD) standards and can be highly 
objectionable for voltage harmonic sensitive loads. THD is a ratio of the RMS value of the harmonics to the 
fundamental of the voltages or currents, the distortion percent of the component with the fundamental 
frequency indicates the signal distortion according to the relations [25]. 


x 100% 


ae sum of the squares of all harmonics voltage 
~ fundamental voltage square (8) 


In the 3" designed filter, the THD was calculated to determine the added noise and comparing with 
the original sinusoidal signal. Figure 11 shows the filter fundamental at the original component and 
harmonics components. The signal spectrum indicates the operation and quality of the filers. The same 
spectrum analysis was done on 3" order filter using the FDNR technique proposed as shown in Figure 12, the 
figure shows the large fundamental signal compared to the second harmonics signal, which indicated the 
good operation of the filter. Also, the same analysis was done to the 5th order without and with the FDNR 
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filter. In Figure 13, the first and second harmonics shown, where in the Figure 14 spectrum of the filter using 
FDNR configuration. 
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oO DBC(UCR13=2)) 
Frequency 
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Frequency 
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Figure 8. Fifth order frequency response of the filter versus, (a) magnitude in dB and (b) phase in degree 
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Figure 9. The fifth order PSPICE low pass filter with the probs of measured signals circuit diagram 
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Figure 10. The output resistance effect on the response of the filter 
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Figure 11. The FFT of the origin 3order filter 
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Figure 12. The FFT of 3 order FDNR used filter 
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Figure 13. The FFT of 5 order orign filter 
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Figure 14. The FFT of 5 order FDNR filter 


As a result of the total harmonics distortion THD, of the two filters used later can be summarized in 


Table 1, the obtained measured shows that percent of the 3" order has a significant improvement by using 
FDNR active filter. Where the 5 order filter an improvement less obtained than 3 order but also acceptable 
results. The THD of the ordinary filters and FDNR filters is the better than original filters using inductors. 


4. 


Table 1. The THD different in the two filters without and with FDNR filters 
Order Origin FDNR 
3TH 2.622 8.33 
5TH 3.98 2.73 


CONCLUSION 
This paper proposed and designed two low pass filters as the field of this research. The two designed 


filters using FDNR instead of heavy inductors. The third and fifth order low pass filter was realized and 
simulated for magnitude and phase frequency response. The results obtained are very close to the inductors 
filters compared to the FDNR’s filters which indicates the advantages of using these types of modified design 
to use in integrated circuits in medical or low-frequency applications. Additionally, the quality of the output 
signals is tested and measured in total harmonic distortion THD and based on the results show that the fifth 
order is better than the third-order in THD percent of harmonics quality. 
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